Abstract A systematic multi-reference perturbation theory investigation of the excitation energies and oscillator strengths for the lowest excited states of 2,2 0 -bithiophene unequivocally shows that its optical spectrum is produced by two 
Introduction
Spectroscopy of 5-membered heterocyclic rings has been extensively studied for several decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Excited states of thiophene attracted particular attention as this molecule constitutes the smallest building block of oligo and polythiophenes-materials extensively used in organic electronics [16] [17] [18] [19] [20] . In consequence, the energetics and electronic structure of thiophene are quite firmly established. The situation is different for 2,2 0 -bithiophene (hereafter referred to as bithiophene or 2T), mostly due to the relatively large size of the molecule. It is, however, well documented [21] [22] [23] that the adiabatic energy of the lowest, dipole-allowed excitation is located at 3.83-3.88 eV. Room temperature gas-phase [23] and solution spectra [24] revealed an intensive band with oscillator strength f = 0.29 located just above 4 eV and a weaker one with f = 0.13, at about 5 eV. These transitions were tentatively classified as X 1 A g ? 1 1 B u and X 1 A g ? 2 1 B u , respectively, assuming planar, C 2h conformation of trans-bithiophene (Fig. 1) . Another low-intensity band of 2T was tentatively located above 6 eV.
Bithiophene can be regarded as a challenging system also for quantum chemistry because of its non-planarity and very flat torsional potential in its ground state. It is perhaps the reason that there have been only few theoretical studies dealing with the excited states of bithiophene. Rubio et al. [25, 26] applied the CASSCF/CASPT2 methodology to study the lowest p-p* excitations of 2T. They reported a pair of B u states of similar energies (3.88 and 4.15 eV) and a third state of considerably higher energy (5.53 eV). The same excitations computed for trans-gauche conformation of bithiophene (optimized for the ground state at the MP2 level of theory) yielded slightly higher energies of 4.22, 4.36, and 5.79 eV. The agreement with experimental findings was considered quite satisfactory, which might indicate that our understanding of the lowest excited states of bithiophene is thorough.
The theoretical prediction of a pair of quasi-degenerate states is neither confirmed nor ruled-out by the existing experimental data. However, the fact that the two lowest, optically allowed excited singlet states of 2T belong to the same irreducible representation and simultaneously have nearly degenerate energies of about 4 eV is somewhat disquieting. Both of these states originate from the p-p* excitations. One would intuitively expect a strong coupling between the corresponding wave functions, leading to their considerable mixing, and consequently, to a substantial energy separation between the resulting states. Such an effect could be missing if the states originate from different types of excitations (e.g., p-p* and n-p*), but this does not seem to be the case for 2T. An analysis of the 1 1 B u and 2 1 B u CASSCF wave functions suggests close similarity between both states. The major configuration (43%) in the 1 1 B u wave function originates from the HOMO ? LUMO excitation; there are also sizable additions of the HOMO -2?LUMO (20%) and HOMO ? LUMO ? 2 (7%) excitations. The 2 1 B u wave function structure is strikingly similar, with the contributions of the respective configurations equal to 36, 19 , and 9%.
Is it possible that the quasi-degeneracy of the two lowest excited states of 2T is merely an artifact of the applied computational methodology? The quoted results of Rubio et al. were computed using single-state CASPT2 formalism in conjunction with state-averaged CASSCF orbitals, the p-only valence active space, and relatively small atomic basis sets of double-f quality. This means that there is plenty of room for possible improvement of the theoretical treatment with respect to the methodological parameters: choice of the one-electron basis, definition of the manyelectron basis, estimating the effect of state-averaging, accounting for the dynamical correlation mixing between both wave functions, etc. Another aspect that is worth a careful inspection concerns the presence of intruder states in the CASPT2 treatment. Our recent work [27, 28] shows that spectroscopic and molecular parameters computed with multi-reference perturbation theory using shift technique may heavily depend on the magnitude of the shift parameter in situations when the calculations are plagued by severe intruder states [29] . Taking into account all the issues raised here, we feel that there exists a need for careful inspection of the previous theoretical results and testing various assumptions made in the previous work in order to give a final interpretation of the experimentally observed optical spectrum of 2T.
The natural way to verify the findings of Rubio et al. would be to apply the multi-state version of the CASPT2 method, which allows for coupling of the correlated states via the offdiagonal elements of the effective CASPT2 Hamiltonian. Usually, the off-diagonal dynamical correlation is small and does not introduce large changes to the energy spectrum. Such a physical picture is expected since most of the interactions between the states is supposed to be accounted for by the static correlation at the CASSCF level. The situation, however, may be different in cases of nearly degenerate excited states, which can be strongly mixed even by small off-diagonal coupling. The off-diagonal coupling may introduce considerable changes also in situations when the CASSCF description of the excited states is inadequate, which is signalized by unusually large offdiagonal elements of the effective Hamiltonian. Clearly, nonvanishing off-diagonal elements of the CASPT2 Hamiltonian in Rubio's calculations could cause additional splittings and lead to a completely different description of the low-lying electronic states of bithiophene.
The primary goal of this work is to investigate the excitation energies and oscillator strengths of the lowest singlet states of bithiophene using a series of computational approaches in order to obtain unequivocal assignment of the observed experimental optical spectra. To this end, we extend the previously applied single-state CASSCF/CASPT2 treatment of Rubio et al. by using a wider selection of basis sets and a variety of active spaces. Additionally, we perform the multi-state CASPT2 calculations to verify the interpretational problems found in Rubio's results. Finally, we compare the results of our extended CASPT2 calculations with analogous results obtained by other quantum chemical methods. The structure of this paper is as follows. Section 2 gives detailed information about available experimental results on the low-lying singlet states of 2T. Section 3 summarizes the details of computational techniques employed. Section 4 constitutes the main body of this paper, giving the analysis and discussion of the obtained results. Finally, Sect. 5 contains the conclusions and lists the most important findings of our work.
Experimental evidence
Owing to the size of the molecule, conclusive experimental data concerning excited states of bithiophene are by far scarcer than for thiophene or other 5-membered heterocyclic rings. The supersonic-jet [21] and the photodetachment photoelectron spectra [22] show that the gas-phase adiabatic excitation energy for the lowest dipole-allowed state (X 1 A g ? 1 1 B u ) can be quite firmly set at 3.86-3.88 eV. A slightly lower value of 3.83 eV, based on the room temperature absorption spectrum of bithiophene vapors, was reported by Bellêtete et al. [23] . This spectrum shows an intense, broad band centered at 4.31 eV and a weaker band with maximum at 5.08 eV. These energies can be tentatively adopted for vertical energies of the lowest dipole-allowed transitions of 2T.
A delicate point concerning the comparison of the experimental energies with the calculated ones is associated with the torsional potential for the ground and the lowest excited states of 2T. The potential for the ground state is known to possess a double minimum around the trans-planar conformation, with the equilibrium structure corresponding to the dihedral angle of about 150°. The corresponding energy barrier is only 0.01-0.04 eV. [23, 24, [30] [31] [32] [33] By contrast, in the lowest excited state, 2T has been found to be trans-planar with a deep, steep single minimum on the potential energy surface (PES) [23, 24] . One should thus expect that if the 2T molecule assumed the planar conformation, the lowest vertical absorption energy would be considerably lower than the gas-phase value, whereas the adiabatic energy would be reduced only marginally. Such a behavior was indeed observed by Becker et al. [24] , who measured absorption spectra of 2T in dioxane in 298 K and in 77 K. The band center underwent a red shift of 0.12 eV when the temperature was lowered, and at the same time, the energy of the 0-0 line was decreased only by 0.025 eV. Becker et al. attributed these changes to the planarization of 2T enforced by freezing of the solvent. Accordingly, the vertical energy of the X 1 A g ? 1 1 B u excitation, calculated for the planar trans conformation of 2T, ought to be compared to 4.19 eV, which is the experimental gasphase value corrected by the shift inferred from the 2T dioxane spectra. Note, however, that according to Rubio et al. the lowenergy absorption band is formed by two unresolved excitations to closely spaced 1 B u states. If it is the case, the experimental value of 4.31 eV has to be regarded only as an effective value for two overlapping bands, and the temperature dependence of the absorption spectra described above may have an alternative explanation.
Following the discussion in the last two Sections, we assume for the rest of this paper that the experimental vertical excitation energies for planar 2T are 4.19 eV for X 1 A g ? 1 1 B u and 5.08 eV for X 1 A g ? 2 1 B u . Consequently, the energy gap between both excited states is 0.89 eV. The corresponding oscillator strengths of both transitions are 0.29 and 0.13.
Computational details
The vertical excitation energies for the two lowest 1 B u states of 2T were computed using the second-order singleand multi-state complete active space perturbation theory (CASPT2) with the IPEA shift of 0.25 eV and the imaginary shift of 0.1 hartree as implemented in the MOLCAS 7.4 package of programs [34] . The calculations were performed using a set of correlation-consistent basis sets of Dunning: cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, and aug-ccpVTZ [35] [36] [37] . The zeroth-order wave functions were optimized at the complete active space self-consistent field (CASSCF) level. The CASSCF calculations for the ground state (X 1 A g ) were performed state-specifically, while for the excited states, state averaging with the ratio 1:1 was performed for 1 1 B u and 2 1 B u . The effect of state-averaging was assessed by performing additional, state-specific CASSCF calculation for the 1 1 B u state alone and projecting the resultant wave function onto its state-averaged analog. The vertical excitation energies and the corresponding oscillator strengths (determined with the CASSCF wave functions) were computed using the equilibrium, trans-planar (C 2h ) geometrical structures of 2T in its ground state optimized at the CASPT2 level using the valence (0550) active space. The resulting CASPT2/0550 equilibrium geometries for each of the employed here basis sets are given in auxiliary materials.
The subsequent CASPT2 calculations of the vertical excitation energies were performed using a variety of active spaces. Their choice was dictated by the following facts. Simple orbital analysis of bithiophene in its transplanar conformation leads to a general conclusion that the lowest valence electronic states belong either to A g or B u irreducible representations. The lowest excited states originate from the p-p* excitations; the n-p* and r-p* transitions are located much higher in energy. Therefore, the natural choice of the active space for 2T comprises of ten valence p orbitals (five b g and five a u ) and 12 active electrons. We denote this active space briefly as 0550, where the consecutive numbers refer to the number of active orbitals in the following irreducible representations: a g , b g , a u , and b u , respectively. Note that this active space is identical to that used previously by Rubio et al. It was pointed out by Pastore et al. that some of the lowest p-p* excitation energies calculated for 5-membered heterocyclic rings (pyrrole, furan, and thiophene), [6, 11, 15] are strongly sensitive to the presence of additional, virtual p orbitals in the active space. Therefore, we extended the natural valence active space by adding to it additional virtual p orbitals. The resulting extended complete active spaces can be briefly denoted as 0570, 0660, and 0770. The results obtained with the augmented basis sets showed considerably higher degree of sensitivity to the choice of the active space. To understand this dependence better, we have additionally investigated a number of auxiliary active spaces: 0560, 0580, 0650, 0670, 0680, 0750, 0760, and 0780.
Results

Single-state CASPT2 results
The single-state CASPT2 excitation energies and the corresponding CASSCF oscillator strengths computed using the cc-pVDZ and cc-pVTZ basis sets are presented in Table 1 . The CASSCF energies of both transitions appear to be only weakly dependent on the choice of the active space or the basis set. The CASSCF energy separation between the two excited states ranges from 0.27 to 0.44 eV. Different performance of the two basis sets becomes evident when the dynamic correlation effects are included. In the cc-pVDZ basis sets, the two 1 B u states are almost quasi-degenerate, while in the cc-pVTZ basis set, the CASPT2 energy separations are similar to those computed with CASSCF. Moreover, the CASPT2 corrections calculated with the cc-pVDZ basis set are considerably larger for the 2 1 B u state leading to a reversed energy ordering of the two 1 B u states at the CASPT2 level. It is evident from this discussion that the basis set effect is large, and the quasi-degeneracy of two low-lying 1 B u states obtained earlier by Rubio et al. in a basis set of double-f quality seems to be at least disputable. As the reader will be able to see from the following paragraphs, this controversy is further supported by other results.
The single-state CASPT2 excitation energies and the corresponding CASSCF oscillator strengths computed using the aug-cc-pVDZ and aug-cc-pVTZ basis sets are presented in Tables 2 and 3 , respectively. These results in general tend to confirm the picture obtained with the cc-pVTZ basis set and are in contrast to the data obtained B u excitation energies, to 4.87-5.17 eV (experimentally & 5.08 eV). The calculated oscillator strength for the lower transition, equal to 0.27-0.34, is in excellent agreement with the experimental value of 0.29. The intensity of the higher excitation is somewhat overestimated (0.13-0.22), as compared to the experimental value of 0.13. [24] Note that the results obtained with the largest studied here basis set, aug-cc-pVTZ, allow for the best reproduction of the experimental findings.
The results obtained with augmented basis sets show more pronounced dependence on the composition of the active space. To exploit the character of this dependence in detail, we carried out a more detailed study involving 12 different variants of the active space (see Tables 2 and 3 , and Fig. 2 for details) . The CASSCF excitation energies are reduced upon addition of extra a u orbitals to the active space, while they are relatively insensitive when extra b g Summarizing the results obtained in this Section, we can state that accurate reproduction of experimental energy gap between the two 1 B u states and the correct intensity pattern requires two key factors: i) augmenting the natural active space (0550) with at least one additional orbital of symmetry a u , and ii) using basis sets with auxiliary diffuse functions. It is also recommended to use a basis set of preferably triple-f quality, as the results obtained with the cc-pVDZ basis set raise severe interpretational controversies and can be most likely regarded as computational artifacts. Note that in light of these results, the previous findings of Rubio et al. concerning two almost quasidegenerate 1 B u states computed with a double-f quality basis set seem to be erroneous.
Multi-state CASPT2 results
The results discussed in Sect. 4.1 were obtained with single-state CASPT2 formalism. Accordingly, the coupling between the 1 1 B u and 2 1 B u states was accounted for only at the CASSCF level. In most situations this is sufficient; possible exceptions may concern systems with quasi-degenerated electronic level or extraordinary large CASPT2 couplings between the considered states. In this paragraph, we show that the quasi-degeneracy of the 1 The multi-state CASPT2 excitation energies, the corresponding CASSCF oscillator strengths, and the magnitude of the off-diagonal coupling elements computed using the cc-pVDZ and cc-pVTZ basis sets are presented in Table 4 . Analogous results obtained with the aug-cc-pVDZ and augcc-pVTZ basis sets are presented in Tables 5 and 6 , respectively, and in Fig. 3 . The first, most surprising observation concerning the presented data is the unusually large magnitude of the off-diagonal CASPT2 coupling elements, H _ eff 1;2 , between the 1 1 B u and 2 1 B u states. Such large values suggest that the active spaces employed here are not flexible enough to describe efficiently the static correlation in both studied wave functions. The coupling is the largest (0.91-0.98 eV) for the smallest active space studied here: 0550. In general, the coupling is reduced if the size of the active space and/or basis set is enlarged. The smallest coupling (0.40 eV) is observed for the largest active space and basis set considered in this study (0780/ aug-cc-pVTZ), which furnish most variational freedom to account properly for the multi-reference character of both wave functions. For the cc-pVDZ basis set, the magnitude of the offdiagonal coupling element exceeds vastly single-state CASPT2 separation energy between the both 1 B u states and It is quite surprising that it is possible to obtain much better agreement with experiment using the single-state rather than the multi-state CASPT2 formalism. One of the possible explanations for this behavior can be overestimation of dynamical correlation by CASPT2. It is well known that the second-order perturbation theory (PT) usually overshoots the correlation energy and the third- Taking into account large magnitude of the off-diagonal CASPT2 coupling elements, it may be necessary to construct an effective CASPT2 Hamiltonian involving more than just two states of interest in order to describe additional static-like correlation effects in the studied wave functions. Initial results along this line show that the energy separation between the 1 1 B u and 2 1 B u states is indeed reduced upon such a modification. We are planning to present detailed account of such investigations in our next communication.
Summarizing, we have demonstrated that the multi-state CASPT2 calculations give an overall picture consistent with that obtained from single-state CASPT2 in large basis sets, unambiguously confirming existence of the substantial energy splitting between the two lowest 1 B u states of 2T. The multi-state CASPT2 results in the cc-pVDZ basis set allow us to demonstrate that the incidental quasidegeneracy of the 1 1 B u and 2 1 B u states communicated earlier by Rubio et al. originates from neglecting unusually large off-diagonal CASPT2 coupling between these two states. In general, the changes introduced by the multi-state CASPT2 procedure are too large to be regarded as small corrections to the single-state results and seem to account for new physics of the problem. The counterintuitive, better performance of the single-state CASPT2 formalism is highlighted, and possible explanations for this behavior are offered.
Comparison with alternative methods
The modern quantum chemistry offers a number of other approaches capable of estimating the X 1 A g ? 1 1 B u and X 1 A g ? 2 1 B u excitation energies and the corresponding oscillator strengths. Table 7 gives a comparison of such data obtained using the following quantum chemical methods: time-dependent density functional theory (TDDFT [38] ) with the B3LYP exchange-correlation functional, approximate single and double coupled clusters (CC2 [39] ), equation-of-motion single and double coupled clusters (EOM-CCSD [40]), as implemented in the Turbomole 6.1 [41] and Molpro 2010 [42] packages. The calculations were performed using the molecular geometries optimized at the MP2 level of theory with the augcc-pVDZ and aug-cc-pVTZ basis sets. In all the wave function-based methods (MP2, CC2, EOM-CCSD), the 18 core orbitals (1s, 2s, and 2p orbitals for sulfur, and 1s for carbons) were kept frozen after the HF stage. All the remaining orbitals were included in the correlated calculations. The results thus obtained are compared to the best single-state CASPT2 results from the current study, as well as to the experimental findings. We also attempted to account for dynamic correlation by performing the MR-CISD(Q) [43, 44] calculations (with the Pople correction for size-extensivity [45] ) on top of the 0560/aug-cc-pVDZ CASSCF wave functions. Owing to the size of the system, for each of the states in question (XA g , 1 1 B u , and 2 1 B u ) the most important of the configurations constituting their CASSCF wave functions were selected for the reference Table 2 for details).
Remarkably, the CASPT2/CASSCF excitation energies and intensities are in better agreement with experiment than the coupled cluster or MR-CI results. As we discussed in Sect. 4.2, the agreement may be somewhat fortuitous. However, an excellent agreement with experiment has been achieved also for the energy difference between the states, which should be less sensitive to the approximations mentioned above, owing to at least partial cancellation of errors.
Discussion
The analysis of the CASPT2 results clearly shows that the presence of a single additional orbital of the a u symmetry in the active space is one of the key factors responsible for the correct reproduction of the energy gap between the two 1 1 B u transition, which is reduced by over 40 % becoming similar to experiment. Another important aspect of including single additional orbital of the a u symmetry in the conventional 0550 active space is the dramatic reduction (26-50 %) of the off-diagonal CASPT2 coupling between the 1 B u states, which again brings the corresponding multi-state CASPT2 energy splitting much closer to the experimental value.
The 6th a u orbital is considerably more diffused than the other active orbitals, but it has no distinct Rydberg character. We verified this by adding the Rydberg basis functions generated according to the standard procedure [13, 46] to the cc-pVDZ and aug-cc-pVDZ basis sets and repeating the calculations for several of the extended active spaces studied in this work. In none of the cases, we obtained a sizable Rydberg contribution in either of the two investigated excited states, which demonstrates that the two lowest 1 B u states of 2T have clear valence character. Perhaps the most interesting aspect of the current study is explaining the role of the 6th orbital of the a u symmetry. As discussed above, its presence in the active space brings about dramatic changes to the CASPT2 energies. It is thus somewhat puzzling that this orbital remains virtually empty-its occupation number hardly exceeds 0.02. On the other hand, the occupation numbers of other valence orbitals undergo considerable changes upon including the additional a u orbital in the active space (for details, see Fig. 4 .). It is clear that extending the valence active space results in significant rearrangement of the active orbitals occupation pattern; the effect being particularly strong when the first orbital of the a u symmetry is added (0550 ? 0560). Apparently, the function of the 6th a u orbital is to provide additional variational flexibility important for improving the description of the CASSCF orbitals and wave functions. We have verified this conjecture by taking the CASSCF orbitals from the stateaverage 0560/aug-cc-pVDZ calculations and using them in the CASPT2 calculations employing the following reference wave functions:
a. the 0550 CAS-CI reference wave function with the 6th a u orbital entirely deleted from the orbital space; b. the 0550 CAS-SCF reference wave function with the 6th a u orbital entirely deleted from the orbital space;
c. the 0550 CAS-CI reference wave function with the 6th a u orbital shifted to the virtual orbital subspace; d. the 0550 CAS-SCF reference wave function with the 6th a u orbital shifted to the virtual orbital subspace and kept frozen.
The results are given in Table 8 . One can easily see that the effects of orbital optimization are marginal. Moreover, the CASPT2 energies and transition intensities are very similar to those obtained with the 0560 active space. The CASSCF energies obtained with the 0550 active space are some 0.2 eV higher for both states, but this shift is compensated in the subsequent CASPT2 treatment. Interestingly, including the single 6th a u orbital into the virtual subspace (cases c and d) resulted in a sizable increase (0.15-0.18 eV) of the CASPT2 corrections, which again indicates the importance of this particular orbital. The energy gap, however, is only marginally reduced with respect to the 0560 results. It should be stressed here that if Fig. 4 the 6th a u orbital was allowed to mix with the other orbitals in the CASSCF calculations, the results would become identical to those obtained with the original 0550 active space. The presented analysis demonstrates that the major role of the 6th a u orbital in the active space is to assist in shaping up the valence active orbitals into the correct form. Examples of such a situation, in which adding additional orbitals to the valence active space is required for obtaining, correct results have been previously reported for oligoenes [47] , as well as for 5-membered heterocyclic rings [6, 11] . Our analysis suggests that it may be sufficient to extend the original active space using just a single additional (non-valence) orbital, which can thus be regarded as a key ingredient for constructing an appropriate active space. This observation may be especially important in calculations for larger systems, for which the size of the active space is often a critical issue.
Conclusions
In the present study, we systematically investigated the excitation energies and the corresponding oscillator strengths for the two lowest excited states of bithiophene, 1 1 B u and 2 1 B u . It is found that accurate description of the energetic separation between the two 1 B u states and of the corresponding intensity patterns requires using diffused basis sets of preferable triple-f quality and augmenting the traditionally used 0550 active space with additional, nonvalence a u orbital possessing significant diffuse character. The 1 1 B u state is reasonably described in all but the smallest basis sets, and fairly insensitive to the composition of the active space. The description of the 2 1 B u state is, however, very sensitive to both factors. We explicitly demonstrate that single-state CASPT2 calculations performed with a too small basis set (cc-pVDZ) yield distinctly different results than other single-state and multistate CASPT2 calculations. The single-state CASPT2/ccpVDZ results cause severe interpretational difficulties, which, most likely, can be regarded as computational artifacts. The reasons of pathological behavior of CASPT2 in small basis sets are analyzed, and an apt explanation in terms of multi-state CASPT2 formalism is given (unusually large couplings between the perturbed wave functions). In light of the current results, the previous findings of Rubio et al. concerning two almost quasi-degenerate 1 B u states computed with a double-f quality basis set seem to be erroneous. The actual splitting between the two 1 B u states is relatively large. Our CASPT2 results obtained with large basis sets and a variety of active spaces estimate it to be approximately 1 eV; these results are further confirmed in independent excited-state density functional and coupled cluster calculations. The best agreement with experiment was obtained in the single-state CASPT2/aug-cc-pVTZ/ 0780 calculations giving energy gap of 1.03 eV and oscillator strengths of 0.32, and 0.13. The corresponding experimental values are 0.86 eV, 0.29, and 0.13.
